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Up-down asymmetry of cerebellar activation during vertical
pursuit eye movements
Abstract
Animal experiments have demonstrated that the vast majority of vertical gaze-velocity Purkinje cells in
the cerebellar floccular lobe, whose firing rate is modulated during vertical smooth pursuit eye
movements, show a preference for downward pursuit. Here we validate the functional vertical
asymmetry of the cerebellar flocculus in humans using functional magnetic resonance imaging by
demonstrating a significantly higher activation of the floccular lobe for downward than for upward
pursuit. The findings corroborate our recent hypothesis on the pathogenesis of cerebellar downbeat
nystagmus.
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Abstract: Animal experiments have demonstrated that the vast majority of vertical gaze-velocity 
Purkinje cells in the cerebellar floccular lobe, whose firing rate is modulated during vertical smooth 
pursuit eye movements, show a preference for downward pursuit. Here we validate the functional 
vertical asymmetry of the cerebellar flocculus in humans using functional magnetic resonance 
imaging (fMRI) by demonstrating a significantly higher activation of the floccular lobe for downward 
than for upward pursuit. The findings corroborate our recent hypothesis on the pathogenesis of 
cerebellar downbeat nystagmus.
Suggested Reviewers: 
Response to Reviewers: We thank both reviewers for their helpful comments. Below you find a 
point-to-point response to all questions and comments. Following the suggestion of reviewer 1, we 
changed the title of the manuscript, and have rewritten large parts of the discussion in response to 
both reviewers. We hope that the manuscript will now satisfy the reviewers.
point-to-point-response
Reviewer 1
Reviewer 1: The authors first suggest that this experiment demonstrates a selective activation of 
the floccular lobe for downward, but not upward pursuit. This is clearly enontiated in the title and in 
the abstract. However, the objective result, using their paradigm, is that there is a positive 
difference of activation during downward as compared to upward, and no positive difference of 
activation during upward as compared to downward. Since the paradigm did not compare pursuit to 
a rest condition (such as fixation), it can not be ruled out that there may be some activation during 
upward smooth pursuit. Therefore, it can not be concluded that there is no activation of flocculus 
during upward pursuit. 
Answer: We completely agree with reviewer 1 that the objective result of this study is not a 
selective activation of the cerebellar flocculus during downward pursuit. Therefore, we changed the 
title to: Up-down asymmetry of cerebellar activation during vertical pursuit eye movements. We also 
changed the respective sentence in the abstract, which now reads: 
“Here we validate the functional vertical asymmetry of the cerebellar flocculus in humans using 
functional magnetic resonance imaging (fMRI) by demonstrating a significantly higher activation of 
the floccular lobe for downward than for upward pursuit.”
Reviewer 1: The paradigm elicited vertical pursuit for 20° followed by a saccadic reset in the 
opposite direction. There is no control experiment that can eliminate the possibility of a saccadic 
and not a pursuit activation of flocculus during the task. This notion is very briefly discussed (page 
7, line 4-11) and ruled out based on the electrophysiological data in monkeys. This would have 
been the good time to validate these animal data and in the same time obtain a good control study, 
by using vertical saccadic blocks in the same subjects.
Answer: We agree with reviewer 1 that theoretically, the floccular activation may have been caused 
by the saccadic jump and not by the pursuit eye movement. As stated in the discussion, 
electrophysiological studies in the monkey showed that most floccular PCs pause during saccades 
(Noda & Suzuki 1979). To our best knowledge, no study reports directional asymmetries of 
floccular activation for upward and downward saccades. Furthermore, floccular lesions in humans 
do not affect saccades in an asymmetric way.
Title
Reviewer 1: The title is not adapted to the objective results of the study.
Answer: See above. 
Abstract
Reviewer 1: In the abstract, the sentence relative to a specific activation during downward pursuit 
should be modulated.
Answer: We agree, and changed this sentence accordingly (see above).
Introduction
Reviewer 1: The second sentence (line 10-14) is ambiguous. It suggests that the role of flocculus in 
pursuit control is inferred from its known response to visual targets. 
Answer: We modified the 2nd sentence of the Introduction to: ‘‘Floccular gaze-velocity sensitive 
Purkinje cells (PCs) show either roughly horizontal or vertical on-directions, i.e., they increase their 
firing rate in response to either horizontal or vertical visual target motion.’’ 
Method
Reviewer 1: What was the objective of using a cosine-bell shaped velocity profile instead of a 
constant velocity profile?
Answer: Many studies investigating smooth pursuit use sinusoidal target motion, and the cosine-
bell shaped velocity profile used here is the unidirectional part of this motion (see our Figure 1). 
Furthermore, it avoids the sharp on- and offset in target velocity, because velocity changes 
continuously from zero, rather than jumping to a peak value as with constant velocity profiles.
Reviewer 1: Criticism about the paradigm has been made above: Why don't the authors used a rest 
condition? Why don't the authors used a saccadic control condition?
Answer: The principal objective of our study was to reveal differences in the cerebellar activation 
patterns during upward vs. downward smooth pursuit eye movements. To get as many fMRI 
images as possible for each participant in a single session, we did not complement the two 
asymmetric vertical smooth pursuit conditions with a rest condition. 
A saccadic control condition would have an additional problem: in the present study, subjects made 
one large saccade to bring the eye to the next target, e.g. downward. In a saccadic control 
condition, a downward saccade would have to be followed by either a very long (about 20 s) 
downward fixation, so that only one saccade per block is being made. This would be difficult to 
compare with the present task. Or the eye would have to be brought back by several small upward 
saccades, which would again lead to an ambiguous result, making an additional control necessary. 
We therefore think that, while being worthwhile to do, testing activation of the flocculus by saccades 
warrants a separate study.
Reviewer 1: Why do the regions of interest differs so much in size with right and left flocculus? 
(such as seen in the figure)? 
Answer: The effective ROI size was smaller than the ROI shown in the Figure, because only voxels 
within the brain are counted. It was 488 voxel for the right and 450 voxel for the left flocculus, a 
difference of only 8%. This is now mentioned in the text.
Discussion
Reviewer 1: Downbeat nystagmus is not only observed with atrophy of the vestibulo-cerebellum 
(page 7, line 36-38).
Answer: We agree. Downbeat nystagmus (DBN) can also be induced by other lesions of the 
vestibulo-cerebellum, e.g. caused by anomalies of the cranio-cervical junction, or by certain drugs, 
e.g. Lithium. Atrophy of the cerebellum, however, represents the most important cause of DBN. We 
changed the 1st sentence of the 3rd paragraph on page 6 to: ‘‘… downbeat nystagmus (DBN), a 
form of acquired persisting fixation nystagmus, which is most frequently found in patients with 
atrophy of the cerebellum’’ and added respective references.
Reviewer 1: The discussion about the link between the flocculus, vertical eye movement control 
asymetry, smooth pursuit and DBN is confusing. The present data does not show evidence of a 
direct link between smooth pursuit and DBN. It should first be stated that the flocculus may exert an 
inhibitory action on brainstem ocular motor pathways mediating slow upward eye movements. Slow 
upward eye movements involve smooth pursuit and VOR. In this case, deficient inhibitory action of 
flocculus on upward eye movements induces DBN and abnormal downward smooth pursuit and 
VOR in patients. References to the review of Pierrot-Deseilligny and Milea, Brain 2005 and to 
Halmagyi et al, Arch Neurol 1983 and Gresty et al, Arch Neurol 1986 should be added.
Answer: We have completely rewritten this part of the discussion, and refer now to Pierrot-
Deseilligny and Milea and Halmagyi et al. We hope that our main point in this part of the discussion, 
the importance of the finding for clinical purposes and for explaining the pathogenesis of downbeat 
nystagmus, becomes now much clearer. 
Reviewer 2
Reviewer 2: The only concern that I have, regarding the methodology, is that the authors should 
analyze and describe the performance of the participants' vertical pursuit during the acquisition of 
the images since the interpretation of the image data should be based on the performance of 
vertical pursuit. This seems to be important since the vertical pursuit may be asymmetric even in 
the normal controls (Kim JS, Sharpe JA. J Vestibular Res 2001;11:3-12).
Answer: We have visually inspected the tapes, and could not see any differences in upward vs. 
downward pursuit. Due to the low quality of the video recordings, predominantly due to noise, an 
automatic eye-movement analysis would be extremely difficult. However, we would like to stress 
here that the asymmetry found by Kim & Sharpe was significant only for high target acceleration 
and/or target velocity (starting with 16 deg/s and 49 deg/s^2). Our peak target velocity (8.8 deg/s) 
was well below the lowest value tested by them (16 deg/s), and the same holds for our peak target 
acceleration (8.3 deg/s^2, vs. min. 12 deg/s^2 used by Kim & Sharpe). 
We discuss this point now in the main text (discussion, page 6), and refer to Kim & Sharpe 2001.
Minor comments:
1. "18" should be read "Eighteen" in the 3rd line from the bottom in Page 3.
Done. 
2. Please insert "an" before "alternating order" in the 2nd line from the bottom in Page 3.
Done. 
3. Insert ":" before 3.3 s in 4th line, Page 4.
Done.
4. Need to spell out "EPI" in Page 4.
Done.
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Floccular smooth pursuit asymmetry 2
Abstract
Animal experiments have demonstrated that the vast majority of vertical gaze-velocity 
Purkinje cells in the cerebellar floccular lobe, whose firing rate is modulated during 
vertical smooth pursuit eye movements, show a preference for downward pursuit.
Here we validate the functional vertical asymmetry of the cerebellar flocculus in 
humans using functional magnetic resonance imaging (fMRI) by demonstrating a 
significantly higher activation of the floccular lobe for downward than for upward 
pursuit. The findings corroborate our recent hypothesis on the pathogenesis of 
cerebellar downbeat nystagmus.
Keywords: fMRI; flocculus; downbeat nystagmus
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Floccular smooth pursuit asymmetry 3
Introduction
The cerebellar floccular lobe is of major importance for the control of smooth pursuit 
eye movements [1]. Floccular gaze-velocity sensitive Purkinje cells (PC) show either 
roughly horizontal or vertical on-directions, i.e., they increase their firing rate in 
response to either horizontal or vertical visual target motion. Single-cell recordings in 
monkeys have shown that the majority of vertical gaze-velocity PCs (approx. 90%) 
exhibit downward on-directions, whereas only a few show upward on-directions [2,3]. 
The goal of our functional magnetic resonance imaging (fMRI) study was to 
determine whether this pronounced asymmetry in vertical on-directions of monkey 
floccular PCs is also present in humans. Specifically, we asked whether in humans, 
the cerebellar flocculus shows a significantly higher BOLD activation during 
downward pursuit than during upward pursuit. Preliminary results have been 
presented in poster form [4].
Subjects and Methods
Twelve healthy right handed subjects (6 female, mean age: 34±10 years) 
participated. Four subjects had to be excluded from further analysis because of 
stimulus-correlated head movements. The study was approved by the local Ethics 
Committee of the medical faculty of the Ludwig-Maximilian University. All subjects 
gave their informed written consent. 
Computer-generated visual stimuli were presented to the subjects by means of MR-
compatible video glasses (Resonance Technology; visual field of view: 30° 
horizontal, 20° vertical). Classical fMRI block design was applied. One block 
consisted of one stimulus condition, i.e. 25 seconds of smooth pursuit stimulation in 
upward or downward direction. Eighteen blocks of each condition were presented in 
an alternating order. Two stimulation conditions were applied: 
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Floccular smooth pursuit asymmetry 4
(1) 25 s of smooth pursuit in the upward direction (UP); 
(2) 25 s of smooth pursuit in the downward direction (DOWN). 
In each condition, subjects followed a small target dot (diameter: 1.3 deg) that 
smoothly moved in the vertical direction (Fig. 1, inset) with a cosine-bell shaped 
velocity profile (peak velocity: 8.8 deg/s; time for one screen transit: 3.3 s; amplitude: 
18.7 deg), followed by a target jump back to the starting position [5]. Eye movements 
were monitored during the entire experiment using video-oculography to assure that 
subjects performed the task. The aim of our study was to evaluate whether the 
floccular BOLD responses differ during downward compared to upward pursuit, i.e. 
whether contrast images comparing upward and downward pursuit show significant 
activation patterns. To answer this question, no additional contrasts are necessary, 
and we therefore did not apply a rest condition in order to keep the scanning time 
reasonably short. 
fMRI was performed on a 1.5T Siemens clinical scanner using an echoplanar 
imaging sequence (TR=5s, FOV=240mm, matrix 64x64x39, voxel size 3.75 mm3). 
One hundred and eighty-four image volumes were acquired from each subject and 
processed using SPM2 (http://www.fil.ion.ucl.ac.uk/spm/). The first four image 
volumes from each subject were discarded because of spin saturation effects. Head 
motion correction was performed by realigning each image volume to the first volume 
of the time series [6]. To eliminate variability induced by eye movements, the eyes 
were masked out of the images prior to realignment as described previously [7]. 
Following correction for head movements, all image volumes were normalized into 
the standard space defined by the Montreal Neurological Institute (MNI) template. 
Prior to statistical analysis, each image volume was smoothed with a 12-mm isotropic 
Gaussian kernel to attenuate high-frequency noise. 
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Floccular smooth pursuit asymmetry 5
Statistical parametric maps (SPMs) were generated on a voxel-by-voxel basis using 
a general linear model with a hemodynamic model of the stimulation periods present 
during the experiment [8]. To collapse functional imaging data for group analysis, 
contrast images were generated for UP-DOWN and DOWN-UP, according the two 
conditions applied. For each subject, the two resulting contrast images (UP-DOWN 
and DOWN-UP) were then entered into a second level statistical analysis (one 
sample t-test) to test for group effects. 
With regard to our hypothesis, p-values were corrected for a search volume defined 
by a mask covering the region of both floccular lobes [9] (p<0.05 corrected for 
multiple comparisons [10], search volume 938 voxels, right side: 488 voxels, left side: 
450 voxels, 7504 mm3).
Figure 1 about here
Table 1 about here
Results
Region of interest analysis revealed activation clusters in both floccular lobes (Tab. 1, 
Fig. 1) during downward smooth pursuit eye movements compared to upward 
smooth pursuit eye movements (contrast DOWN-UP). Although the number of 
activated voxels seems larger for the left than for the right flocculus, statistical 
analysis for laterality revealed no significant differences. At the selected threshold, no 
significant activation was detected for the contrast UP-DOWN.
Discussion
The present results demonstrate that floccular activity during downward smooth 
pursuit eye movements is increased relative to upward pursuit. An fMRI activation of 
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Floccular smooth pursuit asymmetry 6
the cerebellar floccular lobe during horizontal smooth pursuit eye movements as 
compared to fixation has been demonstrated before [11,12], but none of these 
studies examined differential activations according to pursuit direction. Although we 
cannot definitively rule out the possibility that part of the the found functional vertical 
asymmetry of the flocculus reflects asymmetric activity associated with vertical 
saccades (downward for upward pursuit and vice versa), this seems unlikely, since 
since the majority of floccular PCs pause during saccades irrespective of their 
direction [13].  
Single cell recordings in monkeys have demonstrated that the majority of vertical 
floccular PCs have downward on-directions [2,3]. Thus, our findings strongly suggest 
that a comparable asymmetry also exists in the human flocculus. In cortical regions, 
BOLD activation has been shown to be only weakly correlated with spiking activity, 
but it reflects local field potentials [14]. Even though the relationship of PC firing and 
BOLD response has not yet been investigated, the asymmetric BOLD response in 
our results possibly reflects an asymmetry of either PC simple spike activity or of the 
underlying synaptic activation of the PC dendrite.  
Asymmetric pursuit with larger gain for upward eye movements has previously been 
reported for healthy subjects [15], but only for peak target acceleration and velocity 
much above the values used in the present study. Moreover, visual inspection of our
eye movement recordings did not show asymmetric pursuit, thus ruling out that our 
results are due to asymmetries in pursuit performance. 
The functional vertical asymmetry of the floccular lobe is of major clinical importance 
for understanding ocular motor disorders involving the vestibulo-cerebellum. Since 
floccular Purkinje cells inhibit brainstem target neurons [1,2], damage in the presence 
of a physiological up-down asymmetry with a preponderance of downward on-
directions would cause slow upward drifting eye movements due to disinhibition, as 
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Floccular smooth pursuit asymmetry 7
hypothesized previously [16,17,18]. This, in turn, would lead to downbeat nystagmus 
(DBN). DBN, a form of acquired persisting fixation nystagmus, is indeed most 
frequently found in patients with atrophy of the cerebellum [19,20,21]. Furthermore, it 
is associated with impaired smooth pursuit eye movements, especially in the 
downward direction [22], which would be expected from a deficit of floccular PCs with 
downward on-directions. For a population of DBN patients with cerebellar atrophy, we 
recently showed that, in comparison to healthy controls, BOLD activation in the 
floccular lobe was decreased during downward pursuit [23]. The present study thus 
supports our hypothesis on the pathogenesis of DBN, which is based on a 
asymmetric distribution of the on-directions of vertical gaze-velocity PCs [16,17].
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Tables
Table 1
Results of the region of interest group analysis, after correction for the search volume 
defined by an image mask covering both floccular lobes (search volume: 938 voxels, 
7504 mm3). For each cluster, the number of activated voxels, the coordinates of the 
cluster maximum (bold) and the coordinates of local submaxima are given.
Region of interest analysis, DOWN-UP
cluster 
number
anatomical name
cluster size
(voxel)
coordinates
(x,y,z)
1 right flocculus 17 28, -32, -44
30, -32, -40
2 left flocculus 188 -28, -40, -40
-24, -40, -46
-22,-34, -38
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Figure legends
Figure 1
Orthogonal sections at xyz = (28, -32, -44) through a normalized group mean image. 
Activation areas are obtained by region of interest analysis for the contrast DOWN-
UP, thresholded at p<0.05, corrected for multiple comparisons (yellow clusters). The 
shaded area represents the mask used to define the region of interest. Inset shows 
target position over time for the downward smooth pursuit condition (DOWN).
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